In order to research segmented diverters for aircraft lightning protection, a transient 2D multiphysics model based on magnetohydrodynamics theory is proposed to predict the location of the arc plasma discharge and lightning channel, and to simulate the electrothermal behavior. Based on numerical calculation and preliminary analysis, factors that affect the breakdown voltage of the segmented diverter are discussed. The results show that the voltage increase rate of the voltage source, the width of the air gap between metal segments and the geometry of these segments influence the breakdown voltage of the strip. High-voltage tests of the segmented diverter are performed to reveal air breakdown of the strip and redirect the lightning current. Experimental and numerical results are compared to verify the correctness of the numerical model. The ionization of the air gap between metal segments and the breakdown voltage of the strip calculated by the model are qualitatively consistent with experimental results. The breakdown voltage of the segmented diverter is far lower than the lightning voltage. When a lightning strike occurs, the segmented diverter can be quickly ionized to form a plasma channel which can guide the lightning current well.
Plasma discharge characteristics of segmented diverter strips subject to lightning strike 1 
. Introduction
Studies have shown that hundreds of aircraft accidents occur each year due to lightning strikes. Large-scale application of composite materials in the manufacture of aircraft makes the electromagnetic shielding performance of aircraft structure almost absent, and aircraft are more susceptible to lightning strikes [1] . The lightning protection of aircraft skins mainly uses metal surface coating and metal mesh [2] . The radome and antenna must have good penetration and must use nonconductive materials such as fiberglass composites. Metallized surfaces cannot be used for lightning protection of the radome. Usually, a diverter strip is designed to be installed on the radome structure and antenna features for lightning protection [3] . Therefore, the design of the diverter strip should not only meet the requirements of lightning protection but also have low impact on the performance of the antenna.
The solid metal diverter and the segmented diverter [4, 5] are mounted on the outer surface of the radome to provide lightning protection. The solid metal diverter is a continuous strip of metal placed on the outside of the radome to provide priority streamer and lightning leader points. The segmented diverter consists of a series of small conductive segments, which are usually connected by an insulating material. The main difference between a segmented diverter and a solid metal diverter is that the segmented diverter cannot provide a metal path that conducts lightning current. In contrast, the segmented diverter provides a number of small gaps that can be ionized when a strong electric field is applied. Continuous ionization provides a conductive path for the lightning leader and currents. The solid metal diverter can conduct higher lightning currents and have a multistrike capability. However, the effect of the solid metal diverter on antenna radiation patterns is greater than that of the segmented diverter. Ionization channels created by segmented diverters can be separated during the movement of aircraft. In summary, segmented diverters have advantages over solid metal diverters. At present, segmented diverters are widely used in aircraft lightning protection and wind turbine blades.
In recent years, researchers have used experimental methods to analyze the lightning protection mechanism of the diverter. Petrov et al [6] calculated the electric field distribution at the nose of the aircraft and reported an experimental test of the segment diverter on a real aircraft radome. Ulmann et al [7] analyzed the protection mechanism of various types and sizes of lightning diverters on the radome by lightning strike experiments. The experimental results showed that the segmented strip was more likely to allow energetic discharges to propagate from an internal antenna, leading to radome puncture. Numerical simulation of ionization at the segmented diverter was a challenging task which required simulation modeling of the electromagnetic heating effect of nonlinear plasma channels. Elkalsh et al [8] proposed a fully coupled two-dimensional (2D) multiphysics model to predict the arc discharge location and lightning channel using a transmission-line matrix (TLM) method and applied the model to 2D study of a diverter strip for aircraft lightning protection. Fractal theory was used to predict chaotic characteristics of lightning branches. Luque and Ebert [9] introduced a general structure for a growth model of the branched discharge that combined a finite channel conductivity and a physical law of charge conservation. Chemartin et al [10] performed a three-dimensional simulation of a part of the lightning channel based on the resistive magnetohydrodynamics (MHD) equation to calculate the main characteristics of the arc and to understand the physical conditions for ignition of instability in the future. The ionization process of small gaps in a segmented diverter was similar to the arcing that occurs in lightning. In that paper, a new multiphysics model based on MHD theory was then applied to the illustrative study of the segmented diverter for aircraft lightning protection.
Basic theory of MHD model
Thermal plasmas were assumed to be under local thermodynamic equilibrium (LTE) conditions [11] . At a macroscopic level, these kinds of plasma could be considered as conductive fluid mixtures which were governed by the MHD equation [12, 13] . MHD equations combine Navier-Stokes, heat transfer and Maxwell equations to describe the motion of the conducting fluid in an electromagnetic field. The simplified MHD equations are based on the following assumptions. The plasma is fully ionized and is considered to be a locally neutral Newtonian fluid mixture under LTE conditions. Considering the above assumptions, equilibrium discharge could be described by a set of equations defined in different multiphysics [14] .
The energy conservation equation containing fluid heat transfer and plasma heat sources is written as
where r, C p , T , u and k are the density, specific heat capacity, temperature, velocity of flow and heat transfer coefficient, respectively. The source Q (W m −3 ) defined in a plasma heat source includes three source components. The resistance heating source term J·E is obtained by Ohm's law. Volumetric net radiation loss Q rad is defined by the total volumetric emission coefficient [15] . Enthalpy transport carried by the electric current is defined by
The enthalpy transport term prevails in boundary layers close to electrodes in a fully ionized electric discharge. Where q is electronic charge
The momentum conservation equation containing Lorentz force sources is written as
where m is the dynamic viscosity of the fluid, p is pressure, I is the identity matrix and
The Lorentz force acting on the fluid is defined at the magnetic field interface. Magnetic field intensity B and magnetic vector potential A are associated by
The magnetic vector potential is calculated using the Maxwell-Ampere equation expressed by current density J i and vacuum permittivity m 0
A continuous current equation is introduced in order to calculate electric field
The above equations require specification of material properties which are functions of temperature. Thermodynamic properties and transport coefficients contain density, specific heat, viscosity, thermal conductivity and electrical conductivity as functions of temperature. Thermodynamic properties and transmission coefficients over a wide range of temperatures and pressures have been obtained in [16] .
Positive ions from the plasma accelerate towards the cathode and generate heat on the surface of the electrode. As the electrode heats up, more electrons are emitted by thermionic emission which causes the cathode to cool [17] . The associated heat flux of the cathode is defined as
where k is the thermal conductivity (W (m K) −1 ), f s is the surface work function of the electrode and V ion is the ionization potential of the plasma. The current density norm of the ion is defined by
where | · | J n is the normal current density at the interface, and the electron current density norm is expressed as
The latter is defined by the Richardson-Dushman current density if the total normal current density is larger than in equation (11) .
) and f eff is the effective work function of the surface. The ion current density norm J ion is equal to zero if the Richardson-Dushman current density is larger than the total normal current at the interface.
Electrons entering the anode will generate heat. Following the method described by Lowke et al [18] , we assume that there is no ion current and hence no ion heat generated at the anode. Accordingly, the anode heat flux is defined as
where | · | J n is the normal current density at interface, k is the thermal conductivity and f s is the surface work function of the anode.
Numerical model
The specific structure of the segmented diverter is shown in figure 1 ; it is mainly composed of conductive metal segments and the insulated support plate. The metal segments are not connected to each other and a gap of 0.1 to 1 mm is left in the middle. The support plate is an insulating base tape made of PET polyester film. Metal segments are attached to the insulating base tape by a flexible epoxy adhesive. The shape of the metal segments is generally circular or rectangular. The segmented diverter is ionized to create a plasma arc that can be considered a conductive fluid mixture and thus can be modeled based on the MHD equations.
In this section, the coupled MHD model is used to simulate electric breakdown of air and thermal interaction in the structure shown in figure 2 . The model uses the Equilibrium Inductively Coupled Discharge interface from the software COMSOL to simulate plasma generated in a segmented diverter which is ionized. This multiphysics interface adds single-physics interfaces including electric currents, magnetic fields, heat transfer in fluids and laminar flow. The multiphysics coupling adds special boundary conditions to model ion and electron heating at the plasma boundaries as well as heating and cooling of equilibrium plasma by enthalpy transport, Joule heating and radiation loss. The multiphysics coupling also combines induction and electrostatic currents as well as Lorentz forces in the hydrodynamics model. The coupled MHD model is then applied to mechanism research and optimization design of a diverter strip for lightning strike protection. The radius R of the copper segment in figure 2 is equal to 1.75 mm and the air gap g separating the copper segments has a width of 0.5 mm. The boundary size of the calculation domain isẂ L (4.5 8.5 mm 2 ). Thermoelectric parameters of copper are given in table 1. Thermodynamic properties and transmission or 10 kV μs −1 until the middle air gap is broken down, at which time the voltage collapses to zero. When the electric field in air exceeds a critical value, the air is ionized and becomes a conductive plasma. This critical electric field depends on several factors such as gap width, pressure, air composition, mass motion and temperature. The models include electric field, magnetic field, heat transfer field and flow field. In figure 2 , the gray domain is air and the blue domain is the copper segment. The boundary conditions surrounding the air domain are the thermal radiation boundary in the heat transfer field and the open boundary in the flow field. The boundary conditions of the contact surfaces between metal and air are heat transfer boundaries and wall boundaries.
Physical quantities that need to be calculated in the model include the plasma heat source, static current density, induction current density and Lorentz force. A finite element mesh of the segmented diverter with two copper segments is shown in figure 5 . Two boundary layer elements are placed on a circular border of copper segments. It consists of 11 314 domain elements and 596 boundary elements.
Results and discussion

Basic characteristics of the discharge channel
Preliminary analysis is performed using material properties given in table 1 and figure 3 under boundary conditions described above to analyze basic characteristics of the discharge channel. This is also useful for understanding physical phenomena during lightning strike protection of the segmented diverter.
Contour plots at times of 433 ns and 434 ns are presented in figure 6 for voltage waveform D (10 kV μs −1 ) and ambient pressure 1 atm. Electric breakdown of the air gap between two segments occurred before 433 ns and that of the entire segmented diverter occurred at 434 ns. The temperature distribution at 434 ns on the central axis of width and length directions is shown in figure 7 . The temperature jumps rapidly from 4300 K to 11 000 K in the middle of the width direction where the width of the high-temperature zone is about 0.13 mm. Similarly, the temperature increases from 295 K to 16 800 K in the length direction and the length is about 0.5 mm. Therefore, the arc length between copper segments is 0.5 mm and the width is 0.13 mm. Due to heating on the electrode side, the temperature at both ends of the arc between copper segments is higher than that in the center.
Contour plots of current density norm at 433 ns and 434 ns are presented in figure 6 . The maximum current density norm increases from 5. . This is because the air gap between the voltage source and the copper segment is ionized so conductivity of the segmented diverter increases. The spark path is clear in contour plots of current density norm. Contour plots of space charge density at 433 ns and 434 ns are also presented in figure 6 . The streamline shows the flow path of the current. The air gap between two copper segments is ionized at 433 ns; the two copper segments are connected with an arc which forms a perfect conductor. Positive and negative charges are evenly distributed on the end of each copper segment near the plate electrode. The air gap between the copper segment and the plate electrode is ionized at 434 ns. Electrical charge in the plate electrode can quickly enter the copper segment, so positive and negative charges can be evenly distributed at the two ends of each copper segment. Plasma channel parameters for models containing different numbers of copper segments are shown in figures 8 and 9. Breakdown voltage increases as the number of copper segment increases, which is due to the increased number of ionized air gaps. Maximum temperature, maximum current density norm and maximum space charge density vary within a range and there is no obvious pattern to the change. An increase in the number of metal segments causes the breakdown voltage of the model to rise, with little effect on parameters of the plasma channel between metal segments, such as maximum temperature, maximum current density norm and maximum space charge density.
No specific lightning or spark paths are assumed in this model, the appearance of which depends entirely on the electric field strength provided by the voltage source. Since the voltage source has a voltage increase rate of 10 kV μs −1 , the breakdown voltage of the segmented diverter with two copper segments is 4342 V. When the breakdown voltage of the segmented diverter is less than that of the protected structure [4] , lightning current preferentially ionizes the segmented diverter. Therefore, the primary method to assess the protection effectiveness of the segmented diverter is to measure its ignition voltage.
Factors influencing the breakdown voltage of the segmented diverter
In this section, the model with two copper segments is applied to study factors influencing the breakdown voltage of the segmented diverter. The voltage increase rate of the voltage source, the width of the air gap between metal segments and the geometry of the metal segments are changed to discuss variation of breakdown voltage. For the lightning strike test, the rate of voltage waveform A is 1000 kV μs −1 and that of voltage waveform D is 10 kV μs . The results indicate that breakdown voltage increases with increasing rise rate of the waveform. Breakdown time decreases as voltage rise rate increases. Breakdown voltages start at about 4397.9 V for 10 kV μs −1 and decrease to about 20 382 V for 1000 kV μs −1 . Breakdown time decreases from 439.79 ns to 20.382 ns. As mentioned in section 4.1, positive and negative charges in the metal segments driven by electric field move to both sides of the air gap to form a local voltage, which causes the air gap to be ionized to generate a plasma channel. The greater the voltage increase rate, the faster the charge moves and the faster the local voltage between metal segments reaches the breakdown voltage of the air gap.
Breakdown voltage with different widths of the air gap between metal segments is shown in figure 11 . The calculation results indicate that breakdown voltage increases linearly with increasing air gap width. Obviously, the larger the air gap, the more difficult it is for air to be ionized and the greater the breakdown voltage. Because of this, the designer can adjust the breakdown voltage of the integral segmented diverters by changing the width of the air gap.
The geometry of the metal segment is changed to discuss the breakdown characteristics of the model. In order to ensure the same number of metal segments on the diverter, the shape of the metal segments is changed from a circle to its inscribed square. The installation angle of the square is shown in figure 12 . Breakdown characteristics of the square metal segments at different installation angles are studied by adjusting their placement angles. The voltage source waveform is waveform D and atmospheric pressure is 1 atm. Current density and voltage for different shapes and installation angles of the metal segment are calculated as shown in figures 13 and 14. Discharges of square metal segments mainly occur at the tip. The tip is more likely to form a strong local electric field under the action of an external electric field. Current is preferentially passed through the tip during breakdown. Breakdown characteristics of models with installation angles of 0°, 15°and 30°are similar to those with installation angles of 90°, 75°and 60°, respectively. The results demonstrate that the model containing circular metal segments and square metal segments with a installation angle of 45°has the smallest breakdown voltage. The lower the breakdown voltage of the segmented diverters, the better the lightning protection effect. Compared with circular metal segments, square metal segments with a installation angle of 45°have the same breakdown voltage and less metal consumption. This study provides a method for shape optimization of the segmented diverters.
High-voltage tests of the segmented diverters
The high-voltage (HV) breakdown test uses a voltage generator to measure the breakdown voltage of the segmented diverters. The test procedure and data recording method can be found in SAE ARP 5416-2005 [4, 20] . The setup is shown in figure 15 . During the test, the segmented diverter is fixed on the insulating plate. One end of the segmented diverter is connected to an impulse voltage generator and the other end is grounded by aluminum tape or copper foil. The typical shape and breakdown voltage of the high-voltage waveform recorded in the test are shown in figure 16 . The segmented diverters in lightning tests are of the type ABLDS-02-W02 supplied by a cooperative corporation. Square metal segments of this type have a side length of 3.54 mm and the installation angle is 45°. The gap between metal segments is 0.3 mm. The length of the diverter strip is 1 m. The experiments were conducted at the Lightning and Electromagnetic Environment Laboratory of the cooperative corporation.
Test photographs of the segmented diverters before breakdown (a) and at breakdown (b) are shown in figure 17 . Figure 17(a) shows that the segmented diverter is insulated before breakdown and current cannot pass. From figure 17(b) , it can be seen that the segmented diverter is ionized with a dazzling light and loud sound when the voltage reaches the breakdown voltage. The test diverter strip did not show any obvious discharge marks at high voltage. Therefore, it can be reused for lightning protection.
In order to verify the test results, a numerical simulation model is designed according to the test strips. The model contains 189 metal segments and a 0.3 mm air gap between metal segments. The length of this model is 1.002 m. Numerical results are shown in figure 18 .
The segmented diverter has a higher breakdown voltage when the rate of increase of the voltage waveform is 300 kV μs −1 , but it is only 43.39 kV. Usually, lightning voltage is thousands of kilovolts, much larger than the breakdown voltage of the diverter strip. Therefore, it can be ensured that the diverter strip can play the role of guiding the lightning current in the event of a lightning strike. The relative errors between experimental and simulation results given in table 2 do not exceed 14.28%. The calculation results with the MHD model for the segmented diverters can be accepted.
Conclusion
A transient electrical-magnetic-thermal multiphysics coupled model to model the lightning arc induced by a strong electric field is demonstrated. Based on MHD theory, lightning arcs are modeled as conductive plasma channels. The coupled model is built to analyze the structure and principle of the segmented diverter strip. The segmented diverter strip subjected to a HV breakdown test is used to study the lightning protection effect. Based on experimental and simulation results, the following main conclusions can be drawn.
(1) When the external voltage is greater than the breakdown voltage of the segmented diverter strip, the air gaps between the metal segments of the strip are rapidly ionized to form a plasma channel that can assist in guiding the lightning current. The ignition voltage of the segmented diverter is used to evaluate its protection effectiveness. 
